The parental feeding practices (PFPs) of excessive restriction of food intake 27 ('restriction') and pressure to increase food consumption ('pressure') have been 28 argued to causally influence child weight in opposite directions (high restriction 29 causing overweight; high pressure causing underweight). However child weight 30 could also 'elicit' PFPs. A novel approach is to investigate gene-environment 31 correlation between child genetic influences on BMI and PFPs. Genome-wide 32 polygenic scores (GPS) combining BMI-associated variants were created for 10,346 33 children (including 3,320 DZ twin pairs) from the Twins Early Development Study 34 using results from an independent genome-wide association study meta-analysis. 35
Introduction

79
The home and family environment has been studied for decades with the 80 assumption that it is a crucial determinant of children's health and development. 81
Since the onset of the childhood obesity crisis at the turn of the century, the spotlight 82 has turned onto environmental factors associated with variation in adiposity, in the 83 hope that modifiable elements may be identified as intervention targets. Perhaps 84 unsurprisingly, parental behaviours have received a great deal of attention. Parents 85 are widely considered to be the 'gatekeepers' to their children's food, and powerful 86 shapers of their developing eating behaviour 1-3 . Two parental feeding practices 87
(PFPs) in particular have been hypothesised to play a causal role in children's ability 88 to develop good self-regulation of food intake and consequently determine their 89 weight. Excessive restriction of the type and amount of food a child is allowed to eat 90 ('restriction') has been hypothesised to lead to overeating when parental restriction is 91 no longer in place, because the child will potentially then hanker after the foods he or 92 she is not usually allowed to eat -the so-called 'forbidden fruit effect' 1,4,5 . On the 93 other hand, overly pressuring a child to eat, or to finish everything on the plate 94 ('pressure'), is thought to be anxiety-provoking for a child with a poor appetite, and 95 serves only to increase undereating further, and compromise weight gain 6, 7 . 96 97 A wealth of cross-sectional findings are consistent with these hypotheses 8 , but 98 another plausible explanation for the observed correlations is that parents are 99 responding to their child's emerging characteristics, rather than causing them. 100
Parents may only adopt restrictive strategies when a child shows a tendency toward 101 overeating, or gains excessive weight; and they may pressure their child to eat only if 102 6 he or she is a poor eater, or underweight. The few longitudinal studies testing 103 bidirectionality have shown that children's weight prospectively predicts PFPs 9-13 . 104
Furthermore, three studies showed no prospective association from PFPs to child 105 weight 10 , and the studies reporting bidirectional relationships found stronger 106 associations from child weight to parental behaviour than the reverse direction 9,11 .
107
Although these findings point towards children's weight eliciting PFPs, the possibility 108 of residual confounding in observational studies hinders conclusions about causation 109 -temporality does not necessarily mean causality. 110
111
Testing whether children genuinely cause their parents' behaviour presents 112 challenges. It is not possible -practically or ethically -to randomise children to be 113 overweight or underweight, and examine how parents respond. Genetic approaches 114 provide a powerful alternative method of interrogating the role of children in causing 115 their parents' behaviour towards them, especially for child characteristics with an 116 established genetic basis. To date, no study has applied genetically sensitive 117 methods to test for gene-environment correlation in parental feeding behaviour. 118
Family and twin studies have shown that Body Mass Index (BMI), is highly heritable 119 in both adulthood and late childhood (~80%) [14] [15] [16] can therefore be used to test the hypothesis that parents develop their feeding 141 practices specifically in response to their child's weight, as indicated by a correlation 142 between child BMI GPS and PFPs. Unlike for other correlations, a possible 143 interpretation for associations between differences in DNA sequence and parental 144 behaviour is genetic causation, because DNA sequence variation cannot be caused 145 by parental behaviour. A caveat to this is that a parent's feeding practices may 146 reflect their own genetic predisposition to be of a higher or lower BMI, rather than 147 that of their children. In this way, a correlation between child BMI GPS and PFPs 148 may simply reflect a child's genetic predisposition to be of a higher or lower BMI, 149 which they inherit from their parent with whom they share 50% of their DNA. In 150 addition, genetic effects related to adult BMI discovered in genome-wide association 151 studies could potentially incorporate effects of PFPs if they were to causally 152 8 influence child BMI, and its trajectory into adulthood. However, within-family designs 153 can circumvent both of these limitations to some extent. Studying variation in PFPs 154 according to variation in BMI GPS within co-twins accounts for both genetic and 155 environmental shared effects within families (e.g. parental genetic predisposition to 156 be of higher or lower BMI). By applying both quantitative and molecular genetic 157 methods, and utilising statistical approaches to account for family effects, we 158 intended to address the various limitations presented by the individual methods. 159
160
The goals of this study were to test for gene-environment correlation between 161 children's BMI and PFPs, using a twin design and a BMI GPS. We hypothesised 162 that: (i) children's BMI GPS would be positively associated with parental restriction 163 and negatively associated with parental pressure, even after accounting for shared 164 genetic and environmental family influences, and (ii) parental restriction and parental 165 pressure would be moderately heritable, and that genetic influence on PFPs would 166 be partly explained by genetic influence on children's BMI. Child BMI-SDS was significantly positively correlated with 'restriction' (β = 0.19, 171 t(4004) = 12.09, p = 4.45x10 −33 , R 2 = 0.035), such that parents were more restrictive 172 over their child's food intake where the child had a higher BMI. In contrast, child BMI-173 SDS was significantly negatively correlated with 'pressure' (β = −0.24, t(4058) = 174 −15.59, p = 3.14x10 −53 , R 2 = 0.056), where parents exerted higher amounts of 175 pressure on their child to eat, if their child was leaner. 'Restriction' and 'pressure' 176 were significantly positively correlated (β = 0.15, t(4207) = 9.51, p = 3.08x10 -21 , R 2 = 177 0.021), suggesting that parents who tend to exert higher levels of 'restriction' also 178 have a more pressuring feeding style, to some extent. In our sample of unrelated individuals, child BMI GPS was positively correlated with 183 child BMI-SDS (β = 0.20, t(4226) = 13.08, p = 2.41x10 −38 , R 2 = 0.039). Mirroring 184 phenotypic results for child BMI-SDS, children's BMI GPS was significantly positively 185 correlated with 'restriction' (β = 0.05, t(4255) = 3.53, p = 4.19x10 −4 , R 2 = 0.003), and 186 significantly negatively correlated with 'pressure' (β = −0.08, t(4315) = −5.15, p = 187 2.70x10 −7 , R 2 = 0.006) (Fig 1) . These findings indicate that children's genetic 188 predisposition to higher BMI, elicits, to some extent, restrictive feeding behaviours in 189 the parent; whereas children's genetic predisposition to lower BMI elicits greater 190 pressure to eat by parents. 191
Parental BMI correlated positively with child BMI-SDS (β = 0.26, t(3761) = 17.00, p = 193 1.57x10 −62 , R 2 = 0.071) and 'restriction' (β = 0.08, t(3711) = 4.64, p = 3.65x10 −6 , R 2 = 194 0.005), but was not significantly associated with 'pressure' (β = −0.03, t(3757) = 195 −1.68, p = 0.09, R 2 < 0.001). The magnitude and direction of effects remained 196 identical after controlling for parental BMI in 'restriction' (β = 0.05, t(3711) = 2.92, p = 197 3.48x10 −3 , R 2 = 0.003) and in 'pressure' (β = −0.08, t(3757) = −4.62, p = 3.97x10 −6 , 198 R 2 = 0.005). phenotypes derived from the correlated factors model (see Supplementary Table S4  261 for fit statistics and model comparisons, and Supplementary Table S3 for intra-class 262 correlations). Heritability estimates (A) were moderate to high for parental 'restriction' 263 (43%, 95% CI [40%, 47%]) and parental 'pressure' (54%, 95% CI [50%, 59%]); 1 4
heritability of child BMI-SDS was high (78%, 95% CI [72%, 84%]). Consistent with 265 the findings from the GPS analyses, there was a significant, positive moderately 266 sized genetic correlation between child BMI-SDS and parental 'restriction' (r A =0.28, 267 95% CI [0.23, 0.32]), indicating that some of the genetic effects that predispose a 268 child to a higher BMI also elicit more food restriction by their parent. A sizeable 269 significant negative genetic correlation was observed between child BMI-SDS and 270 parental 'pressure' (r A =−0.48, 95% CI [−0.52, −0.44]), indicating that many of the 271 genetic effects that predispose a child to a lower BMI elicit greater parental pressure 272 on the child to eat. 273 associations. Correlations including the 95% confidence intervals can be found in 281 Supplementary Table S5 . We describe the first study to test for gene-environment correlation for parental 288 feeding behaviour in relation to child weight, using a twin design and children's DNA. 289
Results support our hypothesis that parents' feeding practices are evoked, in part, by 290 their children. Parental 'restriction' and 'pressure' were positively and negatively 291 associated with child BMI respectively, in keeping with many previous cross-292 sectional studies 8 . We applied novel genetic methods to show for the first time that 293 children's BMI GPS was significantly positively associated with 'restriction' and 294 negatively associated with 'pressure', even after accounting for the potentially 295 confounding shared familial effects (both genetic and environmental). This suggests 296 that children's genetic influence on weight causally explains part of the observed 297 phenotypic associations. Our twin analysis provided quantitative estimates of the 298 total variance in parental feeding practices explained by children's genotype. 299
Heritability was substantial for both 'restriction' (43%) and 'pressure' (54%), 300 indicating that children's genes explain about half of the variation in parental feeding 301 behaviour. Multivariate twin analysis established the extent to which parental feeding 302 behaviour was determined by children's genetic influence on BMI specifically. The 303 genetic correlations between children's BMI and both 'restriction' (r A =0.28) and 304 pressure (r A =−0.48) were moderate, indicating overlap between the genes that 305 influence parental feeding behaviour and children's BMI. 306 1 7
A potential confounder of the association between child GPS and parental feeding 308 behaviour, was the parent's own genetic propensity to a higher or lower BMI. 309
Children inherit half of each of their parents' genetic material, so the expected 310 correlation between a child's GPS with that of their parent's is 0.50. A parent's 311 genetic predisposition to be of a higher or lower BMI may also influence the way they 312 feed their children, which could introduce a passive (rather than 'evocative') gene-313 environment correlation. For example, a parent with a higher BMI may be more 314 restrictive over their child's food intake, but their child also inherits their parent's 315 susceptibility to be of a higher BMI -restrictive feeding may therefore simply be a 316 marker for a child's genetic predisposition to be of a higher BMI that is transmitted to 317 them by their parent, rather than a causal risk factor (the same could be true for a 318 more pressuring feeding style and lower BMI). In line with this, parental BMI 319 (indexing parental GPS) was significantly positively associated with parental 320 restriction indicating that parents of a higher weight exert greater restriction over their 321 children's food intake (β = 0.08); although the association with parental pressure was 322 not significant. Adjustment for parental BMI did not attenuate the associations 323 between child GPS and either restriction or pressure, suggesting it was not 324 confounding the relationship between parental feeding behaviour and child BMI 325 GPS. Nevertheless, adjustment for parental BMI cannot completely remove 326 confounding from parental BMI, nor can it account for the potential effect of longer-327 term BMI on parental feeding behaviours. However, in order to rule out confounding 328 by any parental characteristics (both genetic and environmental), we took advantage 329 of a family fixed-effect design, which held the effects of family constant while testing 330 the association between the child BMI GPS and parental feeding practices in DZ co-331 twins. The within-family analysis allowed us to demonstrate that even after 1 8
accounting for all familial effects, parents vary their feeding behaviour for each child 333
depending on their GPS -larger GPS differences between pairs were associated 334 with more pronounced differences in parental feeding behaviour. The magnitudes of 335 the between-and within-family associations between parental feeding behaviour and 336 child GPS were virtually the same, with the exception of the relationship between 337 child GPS and 'restriction' in same-sex twins, strengthening the evidence that 338 children evoke parental responses based on their genetic predispositions for BMI. 339
Nevertheless, as expected and in keeping with the small amount of variance in 340 explained in BMI by the GPS, the size of the associations between the BMI GPS and 341
PFPs were small. 342 343
Other relevant research 344 345
The findings from this study accord with those from twin studies of many other types 346 of parenting behaviours that have also tended to show moderate heritability. A meta-347 analysis of 32 child twin studies on maternal positivity, negativity, affect and control 348 in relation to parenting showed an average heritability of 24% 18 , indicating 349 widespread, child-driven genetic influences on parental behaviour. The heritability 350 estimates for 'restriction' (43%) and 'pressure' (54%) were somewhat higher than the 351 average heritability estimate for the parenting styles considered in the meta-analysis 352 (24%), but in keeping with the magnitude of the heritability of negative parenting 353 styles observed across early childhood (~55%) 20 . child weight. The few prospective studies that have attempted to establish the cause-358 effect relationship in the parent-child dynamic using bidirectional analyses have 359 suggested either only a small effect of restriction and/or pressure on child weight, or 360 none 9-11,13 . Prospective studies therefore suggest that PFPs may be less important 361 than is commonly assumed. The well-established strong genetic influence on 362 children's weight -in the order of 70-80% 15,16 -also supports the hypothesis that 363 parents influence child weight via genetic inheritance more than by creating an 364 'obesogenic' family environment. However, it cannot be ruled out that genetic effects 365 related to BMI in the parents also contribute to an obesogenic environment if gene-366 environment correlation was at play, further passively reinforcing the child's inherited 367 genetic propensities. The shared environmental influence on BMI in late childhood is 368 also low 15,16 . In the current study, the shared environmental influence on parental 369 feeding behaviour was the proportion of variance that was common to both twins in a 370 pair (invariant within families). It therefore likely reflects variation in feeding 371 behaviour that was parent-driven rather than child-directed. These estimates 372 indicated that a substantial proportion of variation in both 'restriction' (C=43%) and 373 'pressure' (C=37%) were also parent-origin. 374
375
Experimental studies in the form of large well-designed randomised controlled trials 376 (RCTs) are needed to truly test the hypothesis that PFPs causally modify children's 377 weight gain trajectories. Very few of these have been conducted to date, and they 378 have focused on the preschool years. Nevertheless, two landmark studies have 379 indicated that parental behaviour may, in fact, be influential in early life. NOURISH 21 380
was an Australian RCT that randomised 352 parents and infants to receive a feeding 381 intervention (including using low amounts of pressure, and employing child-382 2 0 responsive methods of food restriction) during the period of complementary feeding; 383 346 families were randomised to the standard care control group. At three to four 384 years of age, children in the intervention group had better appetite control than those 385 in the control group, and there were fewer overweight children; although this did not 386 reach statistical significance 22 . INSIGHT 23 , a US RCT, randomised 145 new 387 mothers to a responsive parenting intervention that focused on feeding infants only 388 in response to their hunger and satiety signals (but neither pressuring nor restricting 389 their milk and food intake), during milk-feeding and complementary feeding; 145 390 mothers were randomised to a control group. At one year significantly fewer infants 391 in the intervention group were overweight (6%) compared to the control group (13%). 392
These RCTs indicate that parental feeding behaviour can modify young children's 393 eating behaviour and weight gain. However, these studies were conducted in infants 394 and young preschool children so it is unclear whether these findings are 395 generalisable to older children. 396
397
The genetic correlations between children's BMI and parental feeding behaviour 398
were modest, and were far from complete (i.e. less than 1.0), indicating that other 399 genetically-determined child characteristics are also influencing parental feeding 400 behaviour. Children's appetite is under strong genetic control; twin studies -401 including this sample -have shown high heritability for appetite 24,25 and shared 402 heritability with BMI 26 , and appetite is associated with the BMI GPS in this sample 403 and has been shown to mediate part of the GPS-BMI association 27 . It is therefore 404 likely that child appetite also influences parental feeding behaviour 24, 25 . In support of 405 this, prospective and within-family studies have provided evidence that within the 406 context of parental feeding, parents respond not only to their child's weight but to 407 2 1 their eating styles too. A large prospective population-based study used bidirectional 408 analyses to show that parents whose children were excessively fussy at baseline 409 increased their pressure over time 28 . A reverse relationship also pertained, but the 410 temporal association from child to parent was stronger. A large within-family study of 411 preschool twins showed that parents varied their pressuring feeding style when their 412 twins were discordant for food fussiness 29 . The fussier twin was pressured more 413 than their co-twin, also in support of a child-driven model of parental feeding 414 behaviour. It stands to reason that a child who is a picky eater is pressured, to try 415 some of their vegetables or to eat more overall. Along the same lines, a natural 416 response from a parent who has a child who shows a tendency toward excess intake 417 and a relatively pronounced preference for foods rich in sugar or fat, is to enforce 418 some restriction. 419 420
We also found a positive phenotypic correlation between 'restriction' and 'pressure' 421 (β = 0.15), indicating that parents who exert higher levels of restriction on their 422 children also tend to pressure them more. This suggests that some parents have a 423 more controlling feeding style in general. The relationship between parental behaviour and children's emerging characteristics 428 appears to be reciprocal and complex. The current findings suggests that parents' 429 feeding responses to child weight are to exert greater restriction of food intake on 430 children with a higher BMI, and to pressure a thinner child to eat. However, these 431 strategies may not be effective in the long run. RCTs have suggested that PFPs can 432 2 2 have a lasting and important impact on children's weight and eating behaviour in the 433 early years, although whether or not these findings apply to older children has yet to 434 be determined. It is well established that the genetic influence on the BMI in younger 435 children is lower, and the shared environmental effect is higher, than in older 436 children 15, 16 . This suggests that parental influence diminishes as children grow older, 437 gain independence and spend increasing time outside the home with peers rather 438 than parents 30 . Large RCTs that follow children from early life to later childhood are 439 needed to establish if PFPs influence the weight of older children. 440 441
Strengths & Limitations 442 443
A strength of this study is that we used several genetically sensitive methodological 444 approaches to explore the causal relationships between child BMI and PFPs, 445 yielding consistent results. PFPs were measured using the Child Feeding 446
Questionnaire, which has well established criterion and construct validity, as well as 447 good internal and test-retest reliability 31 . This instrument has been used widely in 448 previous research into child weight, allowing the findings from this study to be 449 directly compared to a wealth of existing results. 450
451
A potential limitation is that heritability estimates from twin studies rely on the 452 assumption that MZs and DZs share their environment in terms of the trait in 453 question to the same extent, so-called the 'equal environments assumption'; if this is 454 violated, the findings are invalid. Therefore if parents feed MZs more similarly than 455
DZs simply because they are identical, this would artificially inflate the MZ correlation 456 and, consequently, heritability. However, if MZs are fed more similarly than DZs 457 2 3 because parents are responding to their genetically determined BMI or traits that 458 share genetic influence with BMI such as appetite, differences in feeding experience 459
across MZs and DZs do not constitute a violation of the equal environments 460 assumption because these differences in feeding practices are being driven by 461 greater genetic similarity between MZs than DZs. In addition, if parents' reports of 462 how similarly they fed their twins were biased by their perceived zygosity (i.e. 463
reported treatment was not a true reflection of actual treatment, but related to the 464 twins being MZ or DZ), this would also render the heritability estimates unreliable. 465
However, this seems unlikely given previous findings that parents' reports about their 466 twins' are not biased by their beliefs about their zygosity, using the 'mistaken 467 zygosity' design 32 . 468
469
Another limitation was the lack of parental genotypes assessments. Parental BMI is 470 by no means a perfect proxy for their genotypic predisposition to higher or lower 471 BMI; the most powerful approach would be to have parental genotypes whereby the 472 non-transmitted alleles from the parents (which relate to their own BMI and 473 behaviour, but not to that of their child) can be entirely separated from the child's 474 genotype. Nevertheless, the within-family analysis controlled for all family-level 475 genetic and environmental effects, and the magnitudes of the relationships between 476 child BMI and PFPs were unaffected. A further limitation is that we were unable to 477 validate self-reported parental BMI, which may have been inaccurate and could 478 potentially bias our results. Additionally, it may be possible that PFPs are largely 479 explained by environmental factors that influence children's BMI. As the BMI GPS is 480 not yet strong enough to be a sufficient proxy to separate genetic and environmental 481 effects on child BMI, we were unable to test this question empirically. However, 482 2 4 considerable genetic correlations between child BMI and PFPs derived from the twin 483 model renders this explanation unlikely. Lastly, BMI was only reported at one time 484 point, but PFPs are likely to be driven by the child's emerging BMI throughout the 485 developmental years. However, BMI-associated SNPs and BMI GPS are associated 486 with weight gain trajectories from infancy throughout childhood, so the BMI GPS in 487 fact captures a long window of child BMI 14, 33 . This study provides new evidence for gene-environment correlation in parental 492 feeding practices. We have shown that parental feeding practices are substantially 493 heritable and are elicited by the genes that influence children's BMI. Genome-wide 494 polygenic scores that index children's genetic propensities for their BMI significantly 495 predicted their parents' feeding practices, even after potentially confounding shared 496 family effects were taken into account. The findings of this study provide a new 497 perspective on the nature of the associations between parental feeding practices and 498 child BMI. Two different genotyping platforms were used because genotyping was undertaken 520 in two separate waves, five years apart. AffymetrixGeneChip 6.0 SNP arrays were 521 used to genotype 3,665 individuals at Affymetrix, Santa Clara (California, USA) 522 based on buccal cell DNA samples. Genotypes were generated at the Wellcome 523 The final data contained 7,363,646 genotyped or well imputed SNPs (for more 539 details, see Supplementary Methods S1). 540
541
We performed principal component analysis on a subset of 39,353 common (MAF > 542 5%), perfectly imputed (info = 1) autosomal SNPs, after stringent pruning to remove 543 markers in linkage disequilibrium (r 2 > 0.1) and excluding high linkage disequilibrium 544 genomic regions so as to ensure that only genome-wide effects were detected. The samples used for the analyses differed by necessity in order to accommodate 549 the different methodological approaches: unrelated genotyped individuals (UG); 550 dizygotic genotyped co-twins (DG); twin sample (TS) for quantitative genetic 551 analysis. For the classical twin model approach, only phenotypic data from 552 genotyped twins and their co-twins were selected for comparability across the study 553 samples. Descriptive statistics for all phenotypic measures are reported in 554 Supplementary Table S1a for unrelated genotyped individuals, in Supplementary 555 Children's body mass index (BMI) was calculated from parent-reported weight (kg) 559 divided by the square of parent-reported height (metres): kg/m 2 . The 1990 UK 560 growth reference data 36 were used to create BMI standard deviation scores (BMI-561 SDS) which take account of the child's age and sex, and represent the difference 562 between a child's BMI and the mean BMI of the reference children of the same age 563 and sex. BMI-SDS are used rather than BMI itself because BMI varies substantially 564 by age and sex until early adulthood. Reference BMI-SDS have a mean of 0 and a 565 SD of 1: a value greater than 0 indicates a higher BMI than the mean in 1990; a 566 value less than 0 indicates a lower BMI than the mean in 1990. The validity of 567 parent-reported height and weight was tested through home-visits of researchers in 568 a subset of 228 families. Correlations between measurements taken by parents and 569 researchers were high (height: r = 0.90; weight: r = 0.83) 37 . BMI-SDS were available 570 for 4,259 (UG), 4,134 (DG), and 8,406 (TS) individuals. Children had a mean age of 571 9.91 years (SD=0.87) when anthropometric measures were assessed. 572 573 2 8
Parental BMI was calculated for 4,112 individuals using self-reported weight (kg) and 574 height (metres) of the responding parent (kg/m 2 ), which was assessed at the same 575 time as childhood height and weight. To account for the gender of the responding 576 parent (97% mothers, 3% fathers), we used the z-standardized residuals of gender-577 corrected BMI in analyses. 578
579
To assess PFPs, we used the Child Feeding Questionnaire 38 , which parents 580 completed when their twins were approximately 10 years old (mean=9.91 years, 581 SD=0.87). To measure the degree to which parents restricted their children's food 582 intake ('restriction'), we calculated a mean composite score based on 6 items 583 (Cronbach's alpha = 0.78), such as "I intentionally keep some foods out of my child's 584 reach", or "If I did not guide my child's eating, he/she would eat too many junk 585 foods". Data were available for 4,386 (UG), 4,228 (DG) and 8,582 (TS) children. 586
Similarly, we created a mean composite score to assess the amount of pressure 587 parents exerted on their children to increase their food intake ('pressure'), including 4 588 items (Cronbach's alpha = 0.61) such as "If my child says "I'm not hungry", I try to 589 get him/her to eat anyway", or "I have to be especially careful to make sure my child 590 eats enough". Data were available for 4,445 (UG), 4,328 (DG) and 8,750 (TS) 591 children. All items were scored on a 5-point Likert scale (Disagree, Slightly disagree, 592
Neutral, Slightly agree, Agree). For child and parent anthropometrics we removed extreme outliers with implausible 597 values that were deemed to be errors. For children we excluded values based on the 598
